ABSTRACT: Background. With prior studies having looked at unselected cohorts, we sought to explore the mutational landscape in a high-risk group of head and neck squamous cell carcinoma (HNSCC) tumors. Methods. A multiplexed polymerase chain reaction (PCR) assay evaluating 68 loci in 15 genes was performed on 64 patients with high-risk HNSCC. Because of the frequent PIK3CA and AKT1 mutations in patients with oropharyngeal carcinoma, we evaluated the relationship between mutation status and both clinical/pathologic variables and tumor control in this subgroup. Results. Seventeen of 64 patients harbored mutations in the assayed loci: 16% in PIK3CA, 9% in TP53, 2% in AKT1, and 2% in epidermal growth factor receptor (EGFR). The frequency of PIK3CA/AKT1 mutations in oropharyngeal and sinonasal primaries was increased compared to other primary sites (35% vs 6%; p 5 .005). There was no relationship between mutation status and overall survival (OS), disease-specific death, or progression in the oropharyngeal cohort. Conclusion. We identified frequent PIK3CA mutations in patients with high-risk HNSCC confined predominantly to the oropharyngeal and sinonasal subsites; for the first time, mutation in AKT1 has been identified in HNSCC.
INTRODUCTION
With over 600,000 cases per year and mortality near 50%, the global burden of head and neck squamous cell carcinoma (HNSCC) is significant. 1 Although the concurrent use of chemotherapy and intensity-modulated radiation therapy (IMRT) has improved survival, further advances will require the identification of novel therapeutic targets.
Toward that end, much effort has been expended in order to better characterize the molecular pathogenesis of HNSCC in the hopes of identifying potential drug targets. The discovery of frequent epidermal growth factor receptor (EGFR) overexpression in HNSCC and the development of the monoclonal antibody, cetuximab, is a notable success. 2 More recently, 2 groups have looked broadly at the mutational landscape in unselected HNSCC populations using whole exome sequencing. 3, 4 They confirmed the presence of previously identified mutational drivers of HNSCC (TP53, cyclin-dependent kinase [CDK]N2A, phosphatase and tensin homolog [PTEN] , PIK3CA, and HRAS) and, for the first time, reported inactivating NOTCH1 mutations.
Herein, we report a retrospective cohort study of 64 patients with high-risk HNSCC on whom we have genotyping data available. Although the hot-spot sequencing technique we utilized has significant limitations vis-a-vis whole exome analysis, we hoped, by using the subset of patients most likely to fail currently available treatment, to identify mutational targets of potential therapeutic value.
MATERIALS AND METHODS

Patient selection
From March 2009 to August 2011, biopsy samples from 64 patients with HNSCC treated at the Massachusetts General Hospital were selected for genotyping at the time of consultation by a multidisciplinary team of head and neck oncologists because of either (1) significant bulky nodal disease at initial presentation warranting induction chemotherapy (15 patients, 23%; 8 with N2b disease, 3 with N2c, and 4 with N3), or (2) recurrence or metastatic disease at diagnosis (49 patients; 77%). Of the 64 patients included, 23 had oropharyngeal primaries, 20 had oral cavity, 5 had hypopharyngeal, 3 had nasal cavity/sinus, 8 had laryngeal, and 5 had unknown primary. Because the number of mutations identified was highest in the oropharyngeal subset and consisted exclusively of PIK3CA/AKT1 mutations, with institutional review board approval, we then conducted a retrospective chart review to better characterize this group of 23 patients in order to examine comparative clinical outcomes. Within this subgroup, mutation analysis was conducted on 14 biopsies (61%) of primary lesions and 9 biopsies (39%) of recurrent lesions. Among the patients with oropharyngeal primaries, 7 (30%) were genotyped because of bulky nodal disease (N2b 5 5; N3 5 2) that warranted induction chemotherapy and 15 (70%) were genotyped because of recurrence or metastatic disease at diagnosis.
In order to confirm the high-risk nature of the selected patients with oropharyngeal carcinoma, we compared clinical outcomes in the group of patients with oropharyngeal carcinoma selected for genotyping analysis to a representative, unselected cohort of 103 patients with locally advanced oropharyngeal carcinoma treated at the Massachusetts General Hospital during the same time period.
Genotype analysis
The assay used was a multiplexed allele-specific polymerase chain reaction (PCR) assay designed to identify somatic mutations in tumor DNA. The Diagnostic Molecular Pathology Laboratory at the Massachusetts General Hospital developed the assay using the SNaPshot method (Applied Biosystems); the assay is widely used within our hospital by clinicians working with a variety of different solid malignancies. The genotyping analysis queries 68 commonly mutated loci in 15 cancer genes (AKT1, APC, BRAF, beta-catenin, EGFR, human epidermal receptor 2 [HER2], IDH1, KIT, KRAS, MEK1, NOTCH1, NRAS, PIK3CA, phosphatase and tensin homolog [PTEN] , and TP53) testing for 140 previously described somatic mutations (COSMIC database, v49 release). The PIK3CA amino acid residues evaluated include R88, E542, E545, Q546, H1047, and G1049; the AKT1 residue is E17; the TP53 residues are R175, G245, R248, R273, and R306; the PTEN residues are R130, R173, R233, and K267; and the NOTCH1 residues are L1575 and L1601.
SNaPshot genotyping was performed using previously described conditions and its findings validated using direct sequencing methods in prior publications. 5 Briefly, genetic regions flanking the loci of interest were co-amplified using 8 multiplexed PCR primer pools and 60 ng of total nucleic acid. PCR amplification (95 C for 8 min followed by 45 cycles of 95 C for 20 s, 58 C for 30 s, and 72 C for 1 min, and one last cylcle of 72 C for 3 min) was followed by treatment with shrimp alkaline phosphatase and exonuclease I (USB, Cleveland, OH). Specific mutation loci were tested using 8 pools of extension primers, each annealing immediately adjacent to the nucleotide position of interest. A multiplexed single-base extension reaction that adds a fluorescently labeled ddNTP to each locusspecific probe was performed, using the ABI SNaPshot Multiplex Ready Reaction Mix (96 C for 30 s, followed by 25 cycles of 96 C for 10 s, 50 C for 5 s, and 60 C for 30 s). Labeled extension products were resolved by capillary electrophoresis on an automatic DNA sequencer (ABI PRISM 3730 DNA Analyzer, Applied Biosystems) and data analysis was performed using GeneMapper Analysis Software version 4 (Applied Biosystems). Figure 1 shows a representative chromatogram demonstrating a PIK3CA 1624 G>A mutation leading to amino acid substitution E542K. The assay can detect mutations present at a frequency 5%. This technique has substantial limitations including likely underestimation of the true mutation rate within these genes (given that only certain regions were sequenced), the absence of tumor cell microdissection, and the possibility of stromal contamination because of a lack of deep sequencing.
Endpoints and statistical analyses in oropharyngeal subset
Tobacco history and alcohol use were treated as dichotomized variables; we regarded >100 cigarettes per lifetime (ever smokers) as a positive tobacco history and >14 drinks per week for men and >7 drinks per week for women (per National Institute on Alcohol Abuse and Alcoholism guidelines) as a positive alcohol history. Human papillomavirus (HPV) status was available on 19 patients (83%) and was evaluated using either p16 immunohistochemistry (n 5 5) or in situ hybridization testing (n 5 14) for high-risk HPV subtypes (including 16, 18, 31, and 35). Fisher's exact test was used to evaluate associations between clinical/pathologic variables and PIK3CA/AKT mutational status. Progression was defined as the time from initial biopsy to biopsy proven recurrence or last follow-up with death from other causes as a competing risk; overall survival (OS) was defined as the time from diagnosis to death or last follow-up; time to disease-specific death was calculated from the time of initial biopsy to death because of oropharyngeal cancer or last follow-up with death from other causes as a competing risk. OS was calculated using the Kaplan-Meier product limit method; cumulative incidences of progression and disease-specific death were calculated using competing risk cumulative incidence analysis. For univariate analysis, the log-rank test was used to test for significant differences in OS between strata whereas Gray's test was used for cumulative incidence comparisons; for multivariate analyses, we used either Cox proportional hazards regression (OS) or competing risks regression using the method of Fine and Gray (cumulative incidences of progression or disease-specific death). Mutation status was forced into all multivariate models to assess for negative confounding. In order to avoid overfitting, the size of the multivariate models were limited to 2 variables. All statistical tests were 2-sided, and a p value of < .05 was considered significant. We used R version 2.15 and STATISTICA 10.0 (Statsoft, Tulsa, OK) for all analyses.
RESULTS
Mutation frequencies in entire cohort of patients with head and neck squamous cell carcinoma
In the entire cohort, 17 of 64 patients had point mutations in the assayed loci: 16% (10) in PIK3CA, 9% (6) in TP53, 2% (1) in AKT1, and 2% (1) in EGFR. All mutations were mutually exclusive save 1 patient who had a concomitant 9 base-pair EGFR exon 20 insertion in addition to a PIK3CA H107R mutation.
The 6 mutually exclusive TP53 mutations occurred in amino acid residues R248, R306, R272, and G245 and were present in the oral cavity (3), larynx (1), and unknown primary (2) subsites. Table 1 presents relevant clinical and tumor-related data on these patients.
Among the PIK3CA amino acid substitutions, 6 were E545K, 1 was H107R, 2 were E542K, and 1 was E545D; the AKT1 amino acid substitution in a patient with oropharyngeal cancer was E17K. In sum, PIK3CA/AKT1 mutations were present in 30% (7 of 23) of oropharyngeal primaries, 5% (1 of 19) of oral cavity, 66% (2 of 3) of nasal cavity/sinus, and 13% (1 of 7) of larynx; no Disruptive mutations were defined as those mutations resulting in a stop codon or in replacement of 1 amino acid with an amino acid of a different charge within the L2 or L3 binding domain; ETOH positivity was defined as >14 alcoholic beverages per week for men and >7 for women; TOB positivity (ever smoker) was defined as a >100 cigarettes in a lifetime. HPV positive was defined as either polymerase chain reaction (PCR) amplification of a high-risk subtype or p16 positivity; ETOH positivity was defined as >14 alcoholic beverages per week for men and >7 for women; TOB positivity (ever smoker) was defined as a >100 cigarettes in a life-time.
PIK3CA/AKT1 mutations were present in hypopharyngeal (5) or unknown primaries (5). Table 2 presents tumorrelated data on those with these mutations. PIK3CA/ AKT1 mutations were significantly more frequent in patients with oropharyngeal and sinonasal primaries compared to other primary sites (35% vs 6%; p 5 .005).
PIK3CA-AKT1 mutations are frequent in high-risk oropharyngeal carcinoma
In order to evaluate whether the patients with oropharyngeal carcinoma selected for genotyping were truly a high-risk cohort, we compared OS and cumulative incidences of progression and disease-specific death within the genotyped cohort to an unselected group of patients with oropharyngeal squamous cell carcinoma (SCC) treated at our hospital during the same time period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . All patients were treated with definitive, concurrent chemotherapy (either weekly cisplatinum or weekly carboplatinum and taxol) and radiation (predominantly IMRT with gross disease receiving 70 Gray). Pertinent clinicopathologic characteristics comparing the 2 groups are listed in Table 3 .
Median (Figure 2 ; p < .001). The genotyped group also had a significantly increased 2-year cumulative incidence of disease-specific death compared to the unselected cohort: 21.8% (95% CI, 6.4% to 43.1%) versus 5.0% (95% CI, 1.3% to 12.7%; p < .0001). Finally, 2-year cumulative incidence of progression was also significantly higher in the genotyped patients: 61.6% (95% CI, 36.5% to 79.1%) versus 10.0% (95% CI, 4.0% to 19.2%; p < .0001).
Among the 23 genotyped patients with oropharyngeal SCC, no mutations outside of PIK3CA or AKT1 were seen. Although 86% of genotyped patients with oropharyngeal carcinoma with PIK3CA/AKT1 mutations had a history positive for tobacco compared to 50% of wild-type, this difference was not statistically significant (p 5 .17). There were no statistically significant associations between either HPV status (p 5 .26) or alcohol history (p 5 1.00) and PIK3CA/AKT1 mutational status (Table 4) . Within the genotyped cohort, 2-year cumulative incidence of progression for those with PIK3CA/AKT1 mutations was 65.7% (95% CI, 11.6% to 92.1%) versus 59.8% (95% CI, 29.7% to 80.5%) for those without (p 5 .96; Figure 3 ). Among patients with mutations, after initial treatment, 2 had locoregional failure and 1 had synchronous locoregional and distant failure; among wild-type patients, 7 had locoregional failure, 2 had distant failure, and 2 had synchronous failure. At 2 years, cumulative incidence of disease-specific death for those with mutations was 25.0% (95% CI, 0.3% to 71.3%) compared to 21.7% (95% CI, 4.8% to 46.3%) for those without (p 5 .89). Finally, 2-year OS for patients with mutations was 74.5% (95% CI, 46.1% to 100%) versus 78.2% (95% CI, 57.8% to 98.7%) for those without (p 5 .80).
On multivariate analysis, we controlled for tobacco history and HPV status (the 2 variables most significantly associated with mutation status on univariate testing) in order to determine whether negative confounding by these 2 variables masked any significant relationships between PIK3CA/AKT1 mutations and cumulative incidence of disease-specific death or OS. For both of these outcomes, mutation status remained nonsignificant (p 5 .67 and .55, respectively). For cumulative incidence of progression, because of the significant risk of overfitting, we did not conduct a multivariate analysis.
DISCUSSION
In one of the largest series to date, we found that selection for patients with high-risk HNSCC enriched for tumors with PIK3CA or AKT1 mutations (16%). To the best of our knowledge, we are the first to report both an AKT1 mutation in HNSCC and PIK3CA mutations in the sinonasal subsite.
Among patients with high-risk oropharyngeal SCC, a remarkable 30% had mutations in PIK3CA or AKT1; within this population, mutations in the PI3K-AKT pathway did not seem to impact cumulative incidence of progression, OS, or cumulative incidence of disease-specific death, even after controlling for tobacco history and HPV status in the latter 2 analyses.
We want to be up-front and clear about the potential limitations before delving into our discussion. Our study has several limitations. First, because of the sample size, more extensive multivariate modeling within the oropharyngeal subgroup risked significant overfitting. Second, there are admitted issues with selection criteria: the use of recurrence as a criterion makes prospective identification of "high risk" individuals difficult; additionally, the genotyping of those with a large disease burden for which induction chemotherapy was thought to be of potential benefit introduces significant subjectivity. Regardless, within the oropharyngeal subset, the selected patients had far worse clinical outcomes than an unselected cohort treated during the same time period at the same institution. However, the poor outcome among the genotyped oropharyngeal subgroup was largely driven by those patients with recurrent disease; those with bulky nodal disease included in the genotyped cohort had a lower absolute rate of failure. Whether this was because of the intrinsic biology of disease in these patients or to the use of induction chemotherapy in all of these patients is unclear. Regardless, if the patients with bulky nodal disease were not truly "high risk" and if PIK3CA mutations were clustered only among these patients, the hypothesized relationship between patients with high-risk oropharyngeal SCC and PIK3CA mutations may be spurious. HPV positive was defined as either polymerase chain reaction (PCR) amplification of a highrisk subtype or p16 positivity; alcohol positivity was defined as >14 alcoholic beverages per week for men and >7 for women; tobacco positivity (ever smokers) was defined as >100 cigarettes in a lifetime. There is some suggestion that the PI3K pathway is upregulated in HPV-driven oropharyngeal cancer. 6 The apparent association between high-risk oropharyngeal cancer and PIK3CA activating mutations could thus be completely confounded and explained by an association between PIK3CA mutations and HPV positivity, the association between HPV-driven disease and bulky lymphadenopathy, and our inclusion of patients with bulky lymph nodes in the "high risk" group. However, we found no relationship between HPV positivity and PIK3CA mutations (p 5 .24). Furthermore, the rate of PIK3CA mutations in only those patients with oropharyngeal carcinoma with recurrent disease (self-evidently high risk) is 33% (4 of 12). Given this, we feel confident in our conclusion that PIK3CA mutations may be more frequent in those with higher-risk oropharyngeal carcinoma. However, small numbers limit definitive conclusions regarding PIK3CA mutations and other clinical variables.
An additional limitation arises when we consider that recurrent lesions were assayed in 39% of oropharyngeal tumors sampled. In these instances, it is impossible to determine whether the mutation was present in a substantial number of clones at diagnosis or if mutation-bearing clones were selected and expanded by virtue of treatment resistance. However, if we limit our analysis only to those patients with oropharyngeal cancer who had initial biopsies genotyped, the frequency of PIK3CA or AKT1 mutations is 31% (4 of 13). The lack of normal tissue controls must also be acknowledged as a significant limitation, although in prior reports the loci assayed and the mutations identified have all been tumor-specific. We also have no downstream biological data to suggest that these mutations truly upregulate their designated pathways. Finally, the assay used examined only specific loci, did not involve the sequencing of entire genes, and did not microdissect out tumor cells; for all of these reasons, it is quite possible that we have underestimated the true rate of mutations in the genes examined.
Although the caveats above must be taken seriously, we do believe our findings help to elucidate the underlying biology of high-risk HNSCC and thus warrant further discussion.
Mutational landscape in high-risk head and neck squamous cell carcinoma
In the 17 high-risk patients with identified point mutations, 16 patients had mutually exclusive alterations in either TP53 or PIK3CA. Somatic mutations in TP53, the gene that encodes for p53 protein, a crucial cell cycle regulator, are present in approximately 40% to 80% of unselected HNSCC tumors. 3, 4, 7 Comparatively, the frequency of TP53 missense and nonsense mutations in our own cohort was only 9%. The small number of TP53 mutations is undoubtedly because of the relatively small number of loci examined by our platform; SNaPshot analysis would have identified only 8% to 17% of the TP53 mutations picked up by the whole exome analyses. However, the absence of TP53 mutations in our oropharyngeal subset is unsurprising given the high frequency of HPV positivity; in most instances, HPV-positive oropharyngeal SCCs are TP53 wild-type.
Prior whole exome analyses of unselected HNSCC tumors also found a significant number of loss-offunction mutations in NOTCH1, a gene whose protein product plays an important role in cell fate decisions during normal development. Of interest, we did not identify any mutations in the 2 loci within the NOTCH1 gene that we examined. However, the residues we examined, L1575 and L1601, are sites of previously identified activating mutations; given the results of the whole exome analyses, we would not expect mutations at these loci.
The PI3K-AKT pathway, downstream of the ERBB tyrosine-kinase receptor family, when activated, promotes cell survival, proliferation, and radioresistance and has been previously implicated in head and neck tumorigenesis 8, 9 ; missense mutations and deletions in the primary negative regulator of this pathway, PTEN deleted on chromosome 10, have also been reported in unselected populations of patients with HNSCC. We examined several loci within AKT1, PTEN, and PIK3CA in our high-risk cohort.
Several groups have reported overexpression of phosphorylated Akt and amplification of AKT2 in HNSCC [10] [11] [12] ; however, we are the first to identify point mutations in AKT1 in HNSCC. The specific missense mutation (E17K) identified with the plekstrin homology domain (PHD) of AKT1 results in constitutive activation of the protein. 13 Previously, the mutation had been found in small numbers of breast, colorectal, prostate, ovarian, lung, and endometrial cancers. [14] [15] [16] Functionally, by substituting glutamate for lysine and increasing the affinity of Akt for its phosphoinositide ligand, the mutation results in pathological localization of the protein to the plasma membrane, leading to Akt phosphorylation and thus activation.
PTEN mutations occur in HNSCC at frequencies ranging from 10% to 15%. 4, 17, 18 We examined 4 loci in PTEN associated with inactivating missense mutations or premature stop codons and found no alterations. Although this may be because of the limited number of loci examined, there is some evidence to suggest that maintenance or overexpression of PTEN portends worse prognosis in HNSCC because of increased radioresistance. 19 Although controversial, 20 if true, this may mean that in our highrisk cohorts, inactivating mutations in PTEN were selected against.
Finally, copy number increases in PIK3CA (the gene that encodes the 110 kDa catalytic subunit of PI3K) are quite common in HNSCC. 10, 21 Several groups have investigated PIK3CA activating mutations in populations of unselected patients with HNSCC using PCR amplification of hot-spot regions within the gene; reported frequencies of these mutations range from 0% to 11%. [22] [23] [24] [25] Studies using whole exome sequencing found similarly low frequencies of PIK3CA mutations (6% to 8%). 3, 4 In both the targeted and whole exome analyses, the PIK3CA activating mutations were nearly all confined to residues H1047, E545, and E542. Although we evaluated additional codons, our own cohort confirms this distribution. However, we report a higher overall frequency of PIK3CA mutations (16%) in this high-risk cohort than in the unselected cohorts referenced above. More striking still is the frequency of PIK3CA mutations seen in the oropharyngeal (26%) and sinonasal (66%) subgroups.
Although our number of patients with sinonasal SCC is small (n 5 3), we are the first to report the presence of PIK3CA mutations in this HNSCC subsite (both nasal cavity tumors). Because the molecular pathogenesis of sinonasal SCC is largely unexplored, with prior studies having focused largely on TP53 and EGFR mutations and amplifications, 26, 27 the presence of PIK3CA activating mutations in 2 of 3 patients is particularly noteworthy. A larger number of patients with sinonasal SCC must be examined before general comments on frequency can be made.
Specific investigations of PIK3CA/AKT1 mutations within oropharyngeal SCC are few. The whole exome analysis by Stransky et al 4 found a frequency of PIK3CA mutations within their oropharyngeal cohort of approximately 12.5% (2 of 16). Agrawal et al 3 found a similarly low number in their subpopulation of 31 patients with oropharyngeal SCC (1%; 1 of 31). Qiu et al 25 identified PIK3CA activating mutations in 20.8% of pharyngeal carcinomas evaluated; however, it was impossible to determine what percentage of their subpopulation involved cancers of the oropharynx and how many of those had PIK3CA mutations.
Given the lower frequencies reported in the literature, our finding that 30% of patients with high-risk (as defined by both selection criteria and comparative clinical outcomes) oropharyngeal SCC had activating mutations in either PIK3CA or AKT1 suggested both that these mutations are enriched in this high-risk cohort and that their presence might portend a worse prognosis.
Clinical outcomes in high-risk oropharyngeal squamous cell carcinoma
Because of the high frequency of these mutations within the oropharyngeal subgroup, we then conducted further evaluation of the association between PIK3CA/ AKT1 mutations and both clinicopathologic factors and outcomes. We found a trend toward a significant positive relationship between the presence of PIK3CA/AKT1 mutations and tobacco history. It is possible that, with increasing numbers of patients, this relationship would become significant. None of the other clinical variables evaluated were significantly related to PIK3CA/AKT1 mutations.
We then compared clinical outcomes in the PIK3CA-AKT1 pathway mutation-positive patients with oropharyngeal SCC to patients with high-risk oropharyngeal SCC without mutation. On univariate analyses, PIK3CA/ AKT1 mutations were not significantly associated with OS, cumulative incidences of progression, or diseasespecific death. We chose to conduct multivariate regression analyses controlling for the 2 clinical variables that suggested even a trend toward association with PIK3CA/ AKT1 mutations: tobacco history and HPV status; we were concerned that these 2 well-established prognostic factors might mask a relationship between mutation status and clinical outcomes. However, even after controlling for HPV and tobacco status, we could discern no significant relationship between mutation status and cumulative incidence of disease-specific death or OS.
A prior report by Yu et al 28 demonstrated that after multivariate adjustment, high levels of intratumoral phosphorylated Akt were associated with worse outcomes in oropharyngeal SCC. The PIK3CA/AKT1 activating mutations that we identified in our cohort should lead to a significant increase in Akt activity. Our a priori hypothesis was that such mutations might portend a worse prognosis. However, because the wild-type comparator group was also high-risk, with uniformly poor outcomes, discerning any subtle relationship between mutation status and tumor control would have been difficult. We are currently working to genotype a larger group of unselected oropharyngeal tumors in order to further evaluate the impact of PIK3CA/AKT1 mutations on clinical outcomes.
CONCLUSIONS
Ultimately, more robust, prospective data are needed to confirm our findings and determine prognostic and predictive significance of these mutations in both the patients with high-risk oropharyngeal SCC and patients with highrisk HNSCC more broadly. However, future clinical trials of PI3K-AKT pathway inhibitors should consider screening patients with HNSCC with high-risk features (eg, advanced nodal disease and large primary lesions), perhaps focusing specifically on those with sinonasal or oropharyngeal primaries, so as to select a population most likely to benefit from these targeted agents.
